Both full-length and subgenomic negative-strand RNAs are initiated at the 3 terminus of the positive-strand genomic RNA of the arterivirus, simian hemorrhagic fever virus (SHFV). The SHFV 3 (+) non-coding region (NCR) is 76 nts in length and forms a stem loop (SL) structure that was confirmed by ribonuclease structure probing. Two cell proteins, p56 and p42, bound specifically to a probe consisting of the SHFV 3 (+)NCR RNA. The 3 (+)NCR RNAs of two additional members of the arterivirus genus specifically interacted with two cell proteins of the same size. p56 was identified as polypyrimidine tract-binding protein (PTB) and p42 was identified as fructose bisphosphate aldolase A. PTB binding sites were mapped to a terminal loop and to a bulged region of the SHFV 3 SL structure. Deletion of either of the PTB binding sites in the viral RNA significantly reduced PTB binding activity, suggesting that both sites are required for efficient binding of this protein.
Introduction
Simian hemorrhagic fever virus (SHFV) is a member of the family Arteriviridae, which also includes equine arteritis virus (EAV), lactate dehydrogenase-elevating virus (LDV) and porcine respiratory and reproductive syndrome virus (PRRSV). The families Arteriviridae, Coronaviridae and Roniviridae make up the order Nidovirales. The arterivirus genome is a polycistronic, single-stranded RNA of positive polarity with a 5 type I cap (Sagripanti et al., 1986) , and a 3 poly(A) tract (Brinton et al., 1986; Contag et al., 1986; Sagripanti, 1985; van Berlo et al., 1982) . Arterivirus genomes range in length from 12.7 to 15.7 kb with SHFV being the longest (accession numbers: EAV, NC002532; LDV, NC002534; PRRSV, NC001961; SHFV, NC003092). The viral non-structural genes are encoded by ORF1a/ORF1b, located at the 5 end of the genome and are translated from the genomic RNA. The structural genes are encoded at the 3 end of the genome and are expressed from a nested set of 3 and 5 co-terminal subgenomic mRNAs that are generated by a discontinuous transcription process (Sawicki and Sawicki, 1995; van Marle et al., 1999; Snijder and Meulenberg, 2001) . The 5 NCRs of the various arterivirus genomic and subgenomic RNAs range in length from 156 to 212 nts, while the 3 NCRs vary from 62 to 150 nts. The lengths of the SHFV 5 and 3 NCRs are 209 and 76 nts, respectively.
The cis-acting sequences required for RNA replication have not yet been precisely mapped. However, previous studies with defective interfering (DI) RNA genomes of the coronavirus, mouse hepatitis virus (MHV), have shown that the 5 and 3 NCRs are required for plus-strand RNA synthesis (Kim et al., 1993; Lin and Lai, 1993) and that the 3 terminal nucleotides of the MHV 3 NCR as well as the poly(A) tract are required for minus-strand RNA synthesis (Lin et al., 1994) . An arterivirus DI RNA that contained approximately 300 nts from both the 5 and 3 ends replicated in cells co-infected with helper virus, indicating that these regions contain sufficient cis-acting signals for RNA replication (Molenkamp et al., 2000) .
Formation of RNA structures by the 3 sequences of coronaviruses has been previously reported. For MHV, a bulged secondary structure located within the 3 NCR adjacent to the nucleocapsid (N) gene stop codon was demonstrated to be required for viral replication (Hsue and Masters, 1997; Hsue et al., 2000) . The 3 side of the bottom portion of this structure was subsequently shown to form a pseudoknot with another 3 NCR SL located downstream (Goebel et al., 2004) . These two structures were found to be mutually exclusive and could potentially function as a molecular switch during viral replication. In the bovine coronavirus (BCV) genome, a pseudoknot was also reported to form immediately downstream of a SL similar to the one reported in the MHV 3 NCR and this tertiary interaction was required for coronavirus defective genome replication (Williams et al., 1999) . For the arterivirus, PRRSV, a SL was predicted near the 5 end of ORF7 and some evidence suggested that nucleotides within the top loop of this structure formed a tertiary interaction (kissing interaction) with nucleotides in the top loop of a predicted SL in the 3 NCR (Verheije et al., 2002) .
Four cell proteins with molecular masses of 90, 70, 58 and 40 kDa were previously reported to bind to the 3 terminal 42 nts of the genomic RNA of MHV. The 90 kDa cell protein was subsequently identified as mitochondrial aconitase (Nanda and Leibowitz, 2001) . Heterogeneous nuclear RNP A1 (hnRNP A1) has also been reported to bind to the MHV genomic 3 NCR and to mediate a genomic 3 -5 interaction (Huang and Lai, 2001) . In a separate study, the 73 kDa cytoplasmic poly(A)-binding protein (PABP) was shown to bind the BCV poly(A 68 ) tract (Spagnolo and Hogue, 2000) . Studies with cell mRNAs indicated that PABP facilitates 3 -5 interactions (Wells et al., 1998) .
We report here the first structure probing analysis of the 3 NCR of an arterivirus genomic RNA. This analysis confirmed the predicted secondary structure in this region. Also, this is the first report of cell proteins binding to the 3 (+) NCR of an arterivirus RNA. Two MA104 cellular proteins (p56 and p42) were shown to interact specifically with the SHFV 3 (+)NCR genomic RNA as well as with the 3 (+)NCR RNAs of two additional arteriviruses, EAV and PRRSV. The two cell proteins were identified as polypyrimidine tract-binding protein (PTB) and aldolase.
Materials and methods

Cells and virus
MA104, an embryonic rhesus monkey kidney cell line (Trousdale et al., 1975) , was obtained from O. Nainin, Cen-ters for Disease Control and Prevention, and was cultured in Minimal Essential Medium with 10% fetal bovine serum at 37 • C in a CO 2 atmosphere. Stock virus pools were prepared in MA104 cells by infecting confluent MA104 monolayers with SHFV, strain LVR 42-0/M6941 (American Type Culture Collection, passage 2), the prototype strain of SHFV, at a MOI of 0.2. Culture media harvested 32 h after infection contained titers of approximately 5 × 10 8 PFU/ml.
Construction of DNA templates for in vitro RNA transcription
SHFV genomic RNA was extracted from virions with Trizol (Gibco BRL). To construct pSHFV3 NCR, cDNA was first synthesized from viral RNA by reverse transcription using SuperScript II RT (Gibco BRL) and primer P1 ( Table 1) . The cDNA was ethanol precipitated and then amplified by PCR using Taq DNA-dependent DNA polymerase (Roche) and primers P1 and P2 (Table 1 ). The PCR product was immediately TA-cloned into pCRII (Invitrogen) and the inserts of selected clones were sequenced to confirm that no mutations had been introduced.
Additional plasmids containing various truncated SHFV 3 (+)NCR sequences were constructed by annealing pairs of complementary synthetic oligonucleotides (Tables 1 and 2) . One oligonucleotide of each pair was longer than its complement to generate a four nucleotide overhang on each end after annealing of the two oligonucleotides that mimicked the overhangs generated by ApoI or PstI restriction enzyme digestion. The annealed oligonucleotide pairs were incubated with polynucleotide kinase (10 U; NEB) and inserted into pUC19 DNA that had been digested with ApoI and PstI (New England BioLabs). Selected clones were sequenced. Prior to use as templates for in vitro transcription, plasmid DNAs (ptruncA, ptruncB, ptruncC and ptruncG) were linearized by digestion with NsiI (New England BioLabs) so that the in vitro synthesized RNAs would have an exact viral 3 sequence.
Additional plasmids were also constructed by annealing pairs of oligonucleotides that had complementary 3 ends. The annealed oligonucleotides were made double stranded and amplified with Taq DNA polymerase (Roche) and TA-cloned into pCRII (Invitrogen). These plasmids (pmutE, pmutF, pmutH, and pmutI) were used as templates to generate PCR products that were in turn used as templates for in vitro transcription of mutant RNAs ( Table 2) .
Construction of pSHFVORF9-3 NCR (Godeny et al., 1995) and pWNV3 (+)SL (Blackwell and Brinton, 1995) was described previously. pM115128, which contained the EAV 3 (+)NCR, was generously provided by Dr. Eric Snijder (Leiden University Medical Center, The Netherlands) and pTVRORF7, which contained the PRRSV 3 (+)NCR was kindly provided by Dr. Kay Faaberg (University of Minnesota, St. Paul, MN). Table 1 Sequences of oligonucleotides and primers 
Preparation of SHFV-infected and mock-infected MA104 cytoplasmic extracts
Cytoplasmic extracts were prepared as previously described with some modifications (Hwang and Brinton, 1998) . MA104 cells were grown to confluency in five T-150 flasks. Cultures were infected with SHFV at a MOI of 0.5 and then the cells were manually harvested at 7 h after infection. Cells were pelleted by centrifugation at 150 × g for 5 min at 4 • C and resuspended in cytolysis buffer (CB) (10 mM HEPES, pH 7.4, 100 mM NaCl, 1% Triton X-100, 5 mM DTT, 0.1 M PMSF, 10 g/ml leupeptin) at 5 × 10 7 cells/ml either immediately or after storage at −80 • C, vortexed for 30 s, and then kept on ice for 30 min. Nuclei in the lysate were pelleted by centrifugation at 2200 × g for 5 min. The supernatant was centrifuged at 100,000 × g for 1 h at 4 • C and the resulting supernatant (S100) was aliquoted and stored at −80 • C until use. The total protein concentration of each extract was determined using the bicinchoninic acid (BCA) protein assay (Pierce).
Gel mobility shift assays
An MA104 S100 cytoplasmic extract (250 ng) was incubated with poly(I)-poly(C) (400 ng) and a 32 P-labeled RNA probe (2700 cpm; 1.8 fmol) in GSB in a total volume of 10 l for 15 min at room temperature. For competition gel mobility shift assays, various amounts of unlabeled RNAs were added to the reaction 10 min prior to the addition of the 32 P-labeled RNA probe. The RNA-protein complexes (RPCs) were analyzed on 10% non-denaturing polyacrylamide gels containing 2.5% glycerol that were prerun for 10 min at 150 V and then electrophoresed at 150 V at room temperature. The gel was dried and analyzed by autoradiography.
UV-induced cross-linking assays
An MA104 S100 cytoplasmic extract (1 g) was incubated with poly(I)-poly(C) (1 g or 600 ng) and a 32 P-labeled RNA probe (35,000 cpm; 23.3 fmol) in GSB in a total volume of 30 l at room temperature for 15 min. The reactions were then placed in an ice bath and irradiated in a UV chamber (GS Gene Linker, BioRad) at a wavelength of 254 nm, which corresponds to 125 mJ/s, for 30 min. RNase A (20 g) was then added and the reaction was incubated for 15 min at 37 • C to digest unbound RNA. Cross-linked RPCs were precipitated with acetone/methanol (1:1), resuspended in 1× SDS sample buffer, boiled for 2 min, analyzed by 10% SDS-PAGE and detected by autoradiography.
Thermodynamic prediction of RNA secondary structure
The secondary structures of the wildtype, truncated, and deleted SHFV 3 (+)NCR RNAs were thermodynamically predicted using Mfold Zuker et al., 1999) accessible at http://www.bioinfo.rpi.edu/∼zukerm/.
Ribonuclease probing
3NCRpl RNA, consisting of the SHFV 3 (+)NCR, three A residues of the poly(A) tract and 43 nts from pCR2.1 (Invitrogen) at the 3 end, was subjected to limited RNase digestion followed by primer extension as previously described by Blackwell and Brinton (1997) with some modifications. 3NCRpl RNA (0.5 pmol) and a 17-mer primer (P11) (20 fmol), that was complementary to the 3 terminal plasmid sequence, were annealed in 10 l of AB by heating to 70 • C for 1 min and gradually cooling to 30 • C over a 15 min period. A single-strand specific ribonuclease, RNase A (10 −7 or 10 −6 units), RNase T 2 (10 −2 or 10 −1 units), or RNase T 1 (10 −3 or 10 −2 units), was then added and the mixture was incubated at room temperature for 10 min followed by 10 min at 30 • C. The partially digested RNA and annealed primer were phenol:chloroform:isoamyl extracted, ethanol precipitated, resuspended in 7.7 l of water and then used as template for reverse transcription with SuperScript II RT (Gibco BRL). The 20 l reactions contained 50 Ci of 32 P-dATP (NEN), 0.4 M dATP and 40 M dCTP, dGTP, and dUTP, were incubated at 42 • C and were terminated after 40 min by the addition of 80 l of stop solution (95% deionized formamide, 20 mM EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanol FF). The reactions were then diluted 1:10 in stop solution, heated for 3 min at 80 • C and analyzed by 9% denaturing-PAGE and autoradiography. In a parallel reaction, undigested 3NCRpl RNA was sequenced as previously described (Nainan et al., 1991) .
RNA affinity chromatography
An RNA affinity column was prepared as previously described (Blyn et al., 1996 (Blyn et al., , 1997 . The 3 end of the SHFV 3 (+)NCR RNA was covalently linked to an agarose-adipic acid matrix (Amersham Pharmacia Biotech). An MA104 S100 cytoplasmic extract prepared from five T150 flasks in 5 ml of CB was incubated on ice for 30 min with a mixture of non-specific RNA competitors [poly (I)-poly (C) (2 mg), total yeast RNA (1 mg), and WNV 3 (+)SL RNA (300 g)].
The ratio of competitor RNA to protein used in the cell extract applied to the RNA affinity column was three times less than that used in the UV-induced cross-linking assays because higher concentrations of competitor RNAs caused aggregation problems. The extract was then diluted 1:1 in GSB and passed over the RNA affinity column three times. Fractions were collected in tubes on ice. The column was subsequently washed with four column volumes of GSB and then with one column volume of 0.2 M NaCl, 0.05% Triton X-100. Bound proteins were eluted with one column volume of 3 M NaCl, 0.05% Triton X-100. Both the 0.2 M NaCl fraction and the 3 M NaCl fraction were concentrated and buffer exchanged into storage buffer (SB) (20 mM sodium phosphate, pH 7.4, 1 mM EDTA, 100 mM NaCl, 20% glycerol) using a Centricon-30 concentration cell (Millipore) and stored at 4 • C until analysis. A mock column was prepared without RNA and treated in an identical manner.
Western blotting analysis
Proteins were resolved by 9% SDS-PAGE and electrophoretically transferred to a PVDF membrane (0.45 m pore size; Osmonics). The membrane was blocked with 5% non-fat, dry milk in PBS/0.05% Tween-20, incubated first with either rabbit anti-PTB antibody (1:2000, Intronn LLC, Durham, NC) or goat anti-aldolase antibody (1:2000, Chemicon), washed with PBS/0.05% Tween-20 and then incubated with either a goat anti-rabbit IgG (1:2000) or a donkey antigoat IgG (1:2000) secondary antibody (Santa Cruz). The membrane was washed twice with PBS/0.05% Tween-20, once with PBS and then incubated with SuperSignal West Pico chemiluminescence substrate (Pierce).
Immunoprecipitation of UV-induced cross-linked proteins
Protein A-sepharose or Protein G-sepharose was diluted 1:1 in dilution buffer (DB) (0.01 M Tris-Cl, pH 8, 0.1 M NaCl, 0.025% NaN 3 , 0.1% Triton X-100, 0.5% non-fat, dry milk). Rabbit anti-PTB antibody (5 l) was conjugated to Protein A-sepharose and goat anti-aldolase antibody (5 l) was conjugated to Protein G-sepharose (Amersham Pharmacia Biotech) according to the manufacturer's instructions. Rabbit anti-hnRNP A1 antibody (a gift from Dr. Gideon Dreyfuss, Howard Hughes Medical Institute, University of Pennsylvania, Philadelphia, PA) was conjugated to Protein A-Sepharose and was used as a control antibody. 32 P-labeled SHFV 3 (+)NCR RNA was cross-linked to proteins in an MA104 S100 cytoplasmic extract and incubated with RNase A as described above except that the reaction volume was 90 l. The reactions were then incubated with the Protein A (or G)-Sepharose-antibody complexes for 1 h at 4 • C with constant rotation. The immune complexes were washed three times with DB, once with TSA (0.01 M Tris-Cl, pH 8, 0.1 M NaCl, 0.025% NaN 3 ), and once with 0.05 M Tris-Cl (pH 6.8). The complexes were pelleted after each wash via low speed centrifugation. The final immunoprecipitates were heated to 100 • C for 5 min in SDS sample buffer and analyzed by 10% SDS-PAGE.
Partial purification of recombinant PTB
Bacteria containing the plasmid pETPTB (Patton et al., 1991) were kindly provided by Dr. James Patton, Vanderbilt University, Nashville, TN. This plasmid encodes PTB with an N-terminal hexahistidine tag. PTB expression was induced with IPTG (1 mM). The bacteria were pelleted, resuspended in purification buffer (PB) (20 mM Tris-HCl, pH 7.9, 500 mM NaCl, 0.05% Tween-20), supplemented with protease inhibitor cocktail (50 l, Sigma) and lysed with a French pressure cell press (SLM Instruments Inc.). The cell extract was clarified by centrifugation and the resulting supernatant was filtered (0.2 m pore size, Gelman), diluted in PB, and passed through a nickel column (His-Bind, Novagen). The column was first washed with PB (50 ml), then with PB + 20 mM imidazole (5 ml), and finally with PB + 60 mM imidazole (1 ml). Bound proteins were eluted with PB + 500 mM imidazole (1 ml) and the eluate was buffer exchanged into SB. His-PTB was further purified from the eluate with a Ni-NTA spin column (Qiagen) according to the manufacturer's instructions.
Preparation of oligonucleotides
Oligonucleotides were synthesized at the Georgia State University DNA Core Facility using a DNA synthesizer, Model 392 (Applied Biosystems Inc.). Oligos were either purified with butanol or dried by centrifugation under vacuum and resuspended in distilled water. All oligos were quantified by spectrophotometry (OD 260 ).
Preparation of figures
Gels were analyzed either by autoradiography or with a FUJIFILM BAS-2500 Imaging Analyzer along with FU-JIFILM Image Reader 1.8 and Image Gauge 3.0 software. Autoradiographs were scanned with an Arcus Agfa scanner using Adobe Photoshop 5.5 software and figures were generated using Microsoft Powerpoint.
Results
Detection of host cell proteins that specifically interact with the SHFV 3 (+)NCR RNA
Arteriviruses and coronaviruses have similar genome structures and replication strategies. Previous studies have shown that the coronavirus 3 (+)NCR contains cis-acting replication signals and binds to cell proteins. To investigate whether the 3 (+)NCR of an arterivirus also interacts with cell proteins, gel mobility shift assays were used. In vitro transcribed and gel purified 32 P-labeled SHFV 3 (+)NCR RNA was incubated with an S100 cytoplasmic extract from either SHFV-infected or mock-infected MA104 cells. A single RPC was detected using either type of cytoplasmic extract, suggesting that this RPC consists only of cellular proteins (Fig. 1A) .
The specificity of the interactions between proteins in MA104 S100 cytoplasmic extracts and the 32 P-labeled SHFV 3 (+)NCR was investigated using competition gel mobility shift assays. Significant inhibition of binding was observed with a five-fold molar excess of unlabeled SHFV 3 (+)NCR RNA as the specific competitor and complete inhibition was observed with a 30-fold molar excess (Fig. 1B , lanes 3 and 6, respectively). No inhibition was observed when non-specific competitors, such as poly(I)-poly(C), yeast tRNA, or WNV 3 (+)SL RNA, were added in a 150 or 250 molar excess (Fig. 1B, lanes 7-9) . The formation of RPCs in the presence of high concentrations of various non-specific competitors indicated that the viral RNA-cell protein interactions detected were specific. UV-induced cross-linking assays were utilized to determine the molecular masses of the host cell proteins that bound specifically to the SHFV 3 (+)NCR. A strong (56 kDa) and a Fig. 1 . Analysis of the interaction between proteins in MA104 cell extracts and 32 P-labeled arterivirus 3 (+)NCR RNAs. (A) Gel mobility shift assay. Radiolabeled SHFV 3 (+)NCR RNA was incubated with an S100 cytoplasmic extract from either SHFV-infected or mock-infected MA104 cells. The RPCs were resolved on a 10% non-denaturing polyacrylamide gel and visualized by autoradiography. (Lane 1) free probe; (lanes 2-5) increasing amounts of mockinfected MA104 S100 cytoplasmic extract (100, 200, 300, and 400 ng); (lanes 6-10) increasing amounts of SHFV-infected MA104 S100 cytoplasmic extract (100, 200, 300, 400, and 500 ng). The locations of the RNA-protein complex and free probe are indicated by arrows. (B) Competition gel mobility shift assay. Different amounts of non-radiolabeled competitor RNAs were incubated with an MA104 S100 cytoplasmic extract before addition of the 32 P-labeled SHFV 3 (+)NCR RNA. The RPCs were resolved on a 10% non-denaturing polyacrylamide gel and visualized by autoradiography. (Lane 1) free probe; (lane 2) no competitor; (lanes 3-6) increasing amounts of non-radiolabeled SHFV 3 (+)NCR RNA (5-, 10-, 20-, and 30-fold molar excess); (lane 7) 250-fold molar excess of yeast tRNA; (lane 8) 150-fold molar excess of WNV 3 (+)SL RNA; (lane 9) 250-fold molar excess of poly(I)-poly(C). The locations of the RNA-protein complex and free probe are indicated by arrows. (C) UV-induced cross-linking assay. MA104 S100 cytoplasmic extracts were incubated with radiolabeled SHFV 3 (+)NCR RNA and then were exposed to UV-irradiation. The unprotected RNA was digested with RNase A and the cross-linked proteins were resolved by 10% SDS-PAGE and visualized by autoradiography. (Lane 1) free probe; (lane 2) mock-infected MA104 S100 cytoplasmic extract (1 g) and poly(I)-(C) (1 g); (lane 3) SHFV-infected MA104 S100 cytoplasmic extract (1 g) and poly(I)-(C) (1 g); (lane 4) mock-infected MA104 S100 cytoplasmic extract (1 g) and poly(I)-(C) (600 ng). Standard protein markers are indicated by lines and the positions of p56 and p42 are indicated by arrows. (D) UV-induced cross-linking assay. MA104 S100 cytoplasmic extracts and different arterivirus 32 P-labeled RNA probes were cross-linked by UV-irradiation in the presence of 600 ng of poly(I)-(C). (Lane 1) free probe; (lane 2) SHFV 3 (+)NCR RNA; (lane 3) EAV 3 (+)NCR RNA; (lane 4) PRRSV 3 (+)NCR RNA. The gels shown in lanes 1 and 2 were analyzed by autoradiography and the gel shown in lanes 3 and 4 was analyzed using the FUJI Bio Imaging Analyzer. The positions of protein standard markers are indicated by lines on the right. The positions of the p56 and p42 bands are indicated by arrows. (E) Competition gel mobility shift assay. MA104 S100 cytoplasmic extracts were incubated with different amounts of non-radiolabeled arterivirus RNAs before addition of the 32 P-labeled SHFV 3 (+)NCR RNA. (Lane 1) free probe; (lane 2) no competitor; (lanes 3-5) increasing amounts of unlabeled EAV 3 (+)NCR RNA (25-, 50-, and 75-fold molar excess); (lanes 6-8) increasing amounts of unlabeled PRRSV 3 (+)NCR RNA (25-, 50-, and 75-fold molar excess). The gels were analyzed using the FUJI Bio Imaging Analyzer. The locations of the RNA-protein complex and free probe are indicated by arrows. weak (42 kDa) protein band were detected with MA104 S100 cytoplasmic extracts (Fig. 1C ). No bands were detected when the cell extract was omitted (Fig. 1C, lane 1) . Two proteins with the same molecular masses (56 and 42 kDa) were also detected in the SHFV-infected extract suggesting that the two proteins that make up the single RPC are cellular, not viral proteins (Fig. 1C, lane 3) .
When less stringent conditions were used for the UVinduced cross-linking assays (600 ng instead of 1 g of nonspecific competitor), additional protein bands were detected (Fig. 1C, lane 4) . In addition, when an SHFV 3 (+)NCR RNA probe with a poly(A 20 ) tract was used in a UV-induced crosslinking assay (under stringent conditions), an additional protein was detected with a molecular mass of 73 kDa (data not shown). It is likely that the 73 kDa band is PABP (Spagnolo and Hogue, 2000) .
Detection of cell proteins that interact with the 3 (+)NCRs of other arteriviruses
If the interactions between the 3 (+)NCR RNA and a set of cell proteins was relevant for virus replication, then these interactions would be expected to be conserved among divergent arteriviruses. This hypothesis further suggests that the cell proteins involved would be ones that are evolutionarily conserved among different mammalian species. In support of this hypothesis, it has been shown that the host range of individual arteriviruses is restricted at the level of virus attachment and that a single productive replication cycle occurs after transfection of viral genomic RNA into cells from a non-permissive host (Inada et al., 1993; Meulenberg et al., 1998; Kreutz, 1998) . To determine whether other arterivirus 3 (+)NCR RNAs show cell protein binding patterns similar to that of the SHFV 3 (+)NCR RNA, UV-induced cross-linking assays were performed with these RNAs. The initial assays were done with either 32 P-labeled EAV 3 (+)NCR RNA or PRRSV 3 (+)NCR RNA and MA104 S100 extracts in the presence of 600 ng of non-specific competitor. Four proteins with similar molecular masses (85, 77, 56 and 42 kDa) were detected by the SHFV, EAV, and PRRSV 3 (+)NCR RNAs (Fig. 1D ). While the 85 kDa protein appeared to bind the EAV and PRRSV RNAs more efficiently than the SHFV RNA, the other three proteins appeared to bind all three of the viral 3 RNAs with similar efficiency. When 1 g of non-specific competitor was used, the 56 and 42 kDa proteins, but not the 85 and 77 kDa proteins, were detected (data not shown). The EAV and PRRSV RNAs used in these assays did not contain a poly (A) tract.
Competition gel mobility shift assays were performed using the SHFV 3 (+)NCR RNA as the probe and either unlabeled EAV or PRRSV 3 (+)NCR RNA as the competitor (Fig. 1E) . Although competition was observed with all three of the unlabeled RNA competitors, the competition observed with the unlabeled SHFV RNA was the strongest. Some competition was observed when a 25-fold or 50-fold molar excess of either unlabeled EAV or PRRSV 3 (+)NCR RNA was used (Fig. 1E, lanes 3 and 4, and lanes 6 and 7, respectively) , and significant competition was observed with a 75-fold molar excess of these competitors (Fig. 1E, lanes 5 and 8) . In comparison, complete competition was observed when a 30-fold molar excess of unlabeled SHFV 3 (+)NCR RNA was used (Fig. 1B, lane 6) . These data suggest that the 3 (+)NCR RNAs of the three different arteriviruses bind the same cell proteins in the MA104 extracts.
Localization of the protein binding sites on the SHFV 3 (+)NCR RNA
To determine whether the two cell proteins utilized overlapping or distinct binding sites, a set of sequentially truncated RNA probes were used in gel mobility shift mobility assays as an initial means of identifying the region(s) within the SHFV 3 (+)NCR RNA that interact with p56 and p42. The truncated RNA probes were synthesized in vitro and tested for their ability to bind proteins in MA104 S100 extracts in UV-induced cross-linking assays (Fig. 2) . To keep the specific activities of the different probes similar, the full-length 3 NCR and RNA-D were labeled with [ 32 P]GTP, while RNAs A, B, and C were labeled with [ 32 P]ATP. The binding of RNA-A, RNA-B, and RNA-C to p56 was markedly reduced as compared to that of the full-length SHFV 3 (+)NCR probe. In contrast, no binding was detected with RNA-D. p42 was not detected with any of the truncated probes.
Analysis of the secondary structure of the SHFV 3 (+)NCR
The data obtained with the serially truncated probes suggested that the structure of the 3 NCR was important for pro- tein binding and that multiple binding sites might be present. Functionally relevant SL structures have been reported in the 3 NCRs of coronaviruses (Goebel et al., 2004; Williams et al., 1999) . The secondary structure of the SHFV 3 NCR was therefore investigated. Thermodynamic analysis of the SHFV 3 (+)NCR RNA predicted a structure consisting of a large 3 SL followed by a small SL (Fig. 3B) . To determine if the predicted structure of the SHFV 3 (+)NCR RNA was consistent with the structure formed by this RNA in solution, 3 NCRpl RNA, consisting of the 3 (+)NCR sequence plus an additional 43 3 nts from the plasmid, was used as the template for primer extension structure probing. The presence or absence of the additional 3 nucleotides did not change the Mfold-predicted secondary structure of the SHFV 3 (+)NCR RNA. 3 NCRpl RNA and primer P11, which was complementary to 3 nts −26 to −42 (Fig. 3B) , were annealed. The 3 NCRpl RNA was first partially digested with one of three single-strand specific ribonucleases and then subjected to reverse transcription. At least three experiments were performed with each RNase and each RNase was used at two or more concentrations.
A representative gel for each RNase is shown in Fig. 3A . Undigested 3 NCRpl RNA was sequenced as previously described (Nainan et al., 1991) (Fig. 3A, first four lanes) . A summary of the data obtained is shown in Fig. 3B . Only strong intensity cleavage bands that were consistently observed in multiple experiments are indicated. All of these strong RNase cleavages were at nucleotides predicted to be single-stranded with only a couple of exceptions. RNase A cleaved nts U 24 , and U 31 . Although these nucleotides were predicted to be base-paired, each was located adjacent to a single stranded region which would increase its accessibility to single-strand specific RNase cleavage, especially during RNA structure "breathing". The same was true for nucleotides U 15 , U 24 , A 29 , U 31 , U 41 , U 49 , U 53 , U 59 and G 69 , which were cleaved by RNase T 2, and nts A 29 , A 35 and U 59, cleaved by RNase T 1 . Other exceptions (U 8, A 17 , A 30 , G 34 , C 42 , U 45 , U 55 and U 70 ) were predicted to be double-stranded and were not directly adjacent to a loop or bulge, but were cleaved. The data obtained from the ribonuclease probing experiments were consistent with the secondary structure predicted for the SHFV 3 (+)NCR. 
Mapping the protein binding sites on the SHFV 3 (+)NCR RNA
When the truncated RNAs used in the initial mapping experiments were folded, their predicted structures differed from that of the full-length SHFV 3 (+)NCR (data not shown) and they bound less efficiently to the proteins (Fig. 2) . To gain a further understanding of the protein recognition elements in the SHFV 3 (+)NCR, a deletion/mutation strategy was used. Mutations were designed based on the structural information obtained so that they caused only local or minimal perturbations of the structure of the 3 (+)NCR RNA. Mfold analyses were done to predict the effect of each mutation on the SL structure (Fig. 4A) . In RNA-E, the top loop was mutated (5 UCCCU3 was replaced by 5 AAA3 ). Part of the large 3 internal loop sequence (nts 20-23, 5 AACU3 ) was deleted in RNA-F. RNA-G contained a deletion of nts 23-26 and nts 44-48 (5 ACUA3 and 5 AUUAA3 , respectively). This deletion was thermodynamically predicted to change the sequence of the top loop from 5 UCCCU3 to 5 CUA3 , to change the bulge sequence in the top portion of the SL and to stabilize the stem below this bulge by removing the internal loop. UV-induced cross-linking assays indicated that RNA-E bound p56 much less efficiently than the wildtype 3 NCR RNA (Fig. 4B, lane 3) . Reduced binding of p56 to RNA-F was also observed (Fig. 4B, lane 4) and p56 binding to RNA-G was further reduced (Fig. 4B, lane 5) . p42 binding to the RNA-E and RNA-F but not to RNA-G was detected. These data suggest that both the top loop sequence and the sequence of the internal loop in the upper part of the stem are needed for efficient binding of p56. However, even with both of these sites eliminated, a low amount of residual p56 binding was detected.
With the data obtained, the binding site for p42 could not be precisely mapped but it appears to be localized to the top portion of the 3 SL. Two additional proteins (∼77 and 85 kDa) were observed to bind to RNA-E and RNA-F at low levels. Proteins of similar sizes were found to bind to the wildtype RNA in the presence of reduced amounts of nonspecific competitors (Fig. 1C) .
Partial purification of host proteins that interact with the SHFV 3 (+)NCR RNA by RNA affinity chromatography
As the next step in further analyzing the cell proteins found to interact with the SHFV 3 (+)NCR RNA, the viral RNA binding proteins were enriched by affinity column chromatography. The RNA affinity column was prepared by covalently linking the SHFV 3 (+)NCR RNA to an agaroseadipic acid hydrazide matrix (Blyn et al., 1996 (Blyn et al., , 1997 . A mock column, that contained no RNA linked to the matrix, was also prepared. An S100 cytoplasmic extract prepared from MA104 cells was first incubated with a mixture of various non-specific competitor RNAs and then sequentially passed over an RNA affinity column three times. After washing the column, bound proteins were eluted, concentrated and exchanged into storage buffer as described in Sec-tion 2. Aliquots of the 0.2 M wash and 3 M eluate fractions were analyzed by 10% SDS-PAGE and stained with Gold-Blot (Fig. 5A) . Two protein bands with estimated molecular masses of about 56 kDa and a single protein band of about 42 kDa were consistently detected in samples that also contained bands of the same sizes in UV-induced cross-linking assays (Fig. 5B) . The protein purification protocol was repeated several times with similar results. The binding activity of p42 in the 3 M eluate was comparable to that of p56 (Fig. 5B, lane 3) even though the relative amount of p42 in the 3 M eluate was less than that of p56, as indicated by GoldBlot staining (Fig. 5A, lane 2) , suggesting that naturally occurring competitors that affect the relative binding activity of p42 to the viral 3 RNA in the unfractionated cell extract may have been eliminated during the purification process. No viral RNA binding activity was detected in the eluate from the mock column (data not shown). 
Identification of p56 and p42
To determine the identity of proteins in the bands migrating at the positions expected for the two RNA binding proteins, the two p56 and the single p42 Coomassie blue-stained bands were individually excised from gels and sent to the Beckman Research Institute of the City of Hope (Duarte, CA) where the proteins were subjected to endoproteolytic cleavage with trypsin. The resulting peptides were separated by HPLC and selected peptides were sequenced by automated liquid chromatography-tandem mass spectrometry using a Thermo-Finnigan LCQ Classic quadrupole ion trap mass spectrometer Lee, 1997, 1998; Swiderek et al., 1998) . Sequences were obtained for eight peptides derived from the top p56 band, for seven peptides from the bottom p56 band, and for eight peptides from p42 (Fig. 5C ). The peptide sequences obtained from both of the p56 bands showed 100% identity with polypyrimidine tract-binding protein. Three isoforms of human PTB with predicted molecular masses of 59 kDa (PTB1/hnRNP I) (Gil et al., 1991) , 57.2 kDa (PTB2) (Patton et al., 1991) and 42.8 kDa (PTB3) (Ghetti et al., 1992) are produced by alternative pre-mRNA splicing. PTB1 contains 26 additional amino acids and PTB2 contains 19 additional amino acids not present in PTB3. Since none of the peptides analyzed contained sequences that were unique to PTB1 or PTB2, the identity of the isoforms in the p56 doublet could not be confirmed. However, PTB1 and PTB2 are the closest in size to the two proteins that were purified. The sequences obtained from the p42 band showed 100% identity with fructose 1,6 bisphosphate aldolase A. Three isoforms of aldolase (A, B and C) have been previously identified and are expressed from separate genes on three different chromosomes (16, 9 and 17, respectively) . The three aldolase isoforms are identical in size and their sequences are highly conserved (70-82% identical) .
Confirmation of the identity of p56 and p42
Two experimental approaches were used to confirm that the proteins sequenced were actually the viral RNA binding proteins. Both anti-PTB and anti-aldolase antibodies were available and were used to analyze by Western blotting the relative levels of these proteins in the cytoplasmic fractions before and after RNA affinity chromatography. Proteins from the 0.2 NaCl M wash, 3 NaCl M eluate, original S100 extract, and mock column eluate were resolved by 9% SDS-PAGE ( Fig. 6A and B) . His-tagged PTB (purified as described in Section 2) and aldolase A (Calbiochem) were used as positive controls. After blocking, the membranes were incubated either with rabbit anti-PTB antibody and then anti-rabbit IgG (Fig. 6A) or with goat anti-aldolase antibody followed by anti-goat IgG (Fig. 6B) .
Low levels of all three isoforms of PTB were detected in the MA104 S100 cytoplasmic extract with the anti-PTB antibody. No PTB bands were detected in the 0.2 M NaCl wash. PTB1 (59 kDa) and PTB2 (57.2 kDa) but no PTB3 (42.8 kDa) were detected in the 3 M NaCl eluate at higher relative concentrations than in the original S100 extract. The data show that the SHFV 3 (+)NCR RNA affinity column bound and enriched PTB1 and PTB2 but not PTB3 and rule out the possibility that the p42 band detected in the UV-induced cross-linking assays was PTB3. Purified recombinant His-PTB migrated slower than cellular PTB due to the presence of an additional 34 aa at its N-terminus. No PTB was detected in the eluate from the mock column.
As expected, aldolase was present at a higher concentration than PTB in the MA104 S100 cytoplasmic extracts. The anti-aldolase antibody cross reacts with all three isoforms of aldolase and since all three isoforms have the same molecular mass, they cannot be distinguished after PAGE. Aldolase was not detected in the 0.2 M NaCl wash but was detected in the 3 M NaCl eluate. Although aldolase bound efficiently to the RNA affinity column, the relative amount of aldolase in the 3 M NaCl eluate was less than that in the original S100 extract. This may be due to the binding capacity of the RNA on the column or to competition by PTB bound to the column or to preferential binding of one of the aldolase isoforms.
As an additional means of confirming that the p56 and p42 bands detected by UV-induced cross-linking were PTB and aldolase, respectively, immunoprecipitation of UVinduced cross-linked RPCs derived from cytoplasmic extracts with anti-PTB or anti-aldolase antibody after RNase treatment was carried out. p56 cross-linked to the 32 P-labeled SHFV 3 (+)NCR RNA was immunoprecipitated by the anti-PTB antibody, while p42 cross-linked to the 32 P-labeled SHFV 3 (+)NCR RNA was immunoprecipitated by the anti-aldolase antibody (Fig. 6C, lanes 3 and 5, respectively) . When anti-hnRNP A1 antibody was used in this assay, neither cross-linked protein was immunoprecipitated (Fig. 6C,  lane 4) .
Further characterization of the specificity of the interactions between the two cell proteins and the SHFV 3 (+)NCR RNA
The specificities of the interactions between the SHFV 3 (+)NCR RNA and purified PTB and aldolase were determined by competition gel mobility shift assays. Recombinant His-PTB which was partially purified as described in Section 2 and commercially available purified aldolase (isoform A; Calbiochem) were used in these assays. Each of the proteins was incubated with unlabeled SHFV 3 (+)NCR (2.5, 3.7, 5.5, 8.2, 12.5, 18.7, 28, and 42.3 (24.8, 37.3, 55.9, 83.9, and 125.8 nM) of aldolase. The locations of the RPC and free probe bands are indicated by arrows. Asterisks indicate the locations of the RPC aggregates that were detected with increasing protein concentrations. (F) Theoretical saturation binding curve (generated as described above).
RNA or with one of the following non-specific competitors, poly(I)-(C), yeast tRNA or WNV 3 (+)SL RNA prior to the addition of the 32 P-labeled SHFV 3 (+)NCR RNA probe. The RPCs formed were resolved by 10% non-denaturing-PAGE and detected by autoradiography ( Fig. 7A and D) . In reactions containing higher His-PTB concentrations, multiple RPCs were observed which was likely due to the aggregation of the complexes. Two complexes were observed at all concentrations of aldolase tested and may represent dimers and tetramers of this protein. Partial competition was observed when a 10-fold molar excess of the specific competitor was used with either recombinant His-PTB or aldolase. Complete competition was observed with an 18-fold molar excess of the specific competitor with recombinant His-PTB and with a 56fold molar excess of the specific competitor with aldolase. In contrast, no competition was observed when a 469-fold molar excess of poly(I)-poly(C), a 200-fold molar excess of yeast tRNA, or a 500-fold molar excess of WNV 3 (+)SL RNA was used. These data indicate that the interactions between the SHFV 3 (+)NCR RNA and both recombinant His-PTB and purified aldolase are specific.
Determination of the dissociation constants for the RNA-protein interactions
To determine whether the interactions between the SHFV 3 NCR RNA and PTB or aldolase were in the physiological range, the strength of each of these interactions was estimated using gel mobility shift assays. In these assays, a constant amount of 32 P-labeled SHFV 3 (+)NCR RNA and increasing amounts of either purified recombinant His-PTB ( Fig. 7B) or aldolase (Fig. 7E) were used and the amount of RPCs that formed was quantified. The minimum amount of protein needed to observe an RNA mobility shift was determined in preliminary experiments. The lowest concentration of aldolase required was 24.8 nM, while that for His-PTB was 2.5 nM. Because the His-PTB used was not purified to homogeneity, the concentrations for this protein were estimates. The relative amounts of the RPCs and free probe were measured and the values obtained from at least three experiments were averaged. A theoretical saturation binding curve was generated by plotting the percent of bound SHFV 3 (+)NCR RNA versus the concentration of either recombinant His-PTB (Fig. 7C) or aldolase (Fig. 7F) . The entire free probe region and all of the RPC band regions were included in the calculations. The equilibrium dissociation constant (K d ) values were calculated as previously described (Lu et al., 1992; Weeks and Crother, 1992) using the equation: log (% bound/% unbound) = n {log[PTB or aldolase (nM)]} -log K d . The relative K d for the His-PTB-SHFV 3 (+)NCR RNA interaction was estimated to be 7 nM, whereas the relative K d for the aldolase-viral RNA interaction was estimated to be 69 nM. The slope of the line in the inset graph for recombinant His-PTB was 1.24, indicating that approximately 1 His-PTB homodimer binds to one SHFV 3 (+)NCR RNA molecule. The slope of the line for aldolase was 3.25, indi-cating that approximately 3 aldolase homotetramers bind to one SHFV 3 (+)NCR RNA molecule.
Discussion
This is the first report identifying host cellular proteins that interact with an arterivirus 3 NCR RNA. PTB, which was identified as the 56 kDa MA104 protein, has multiple cellular functions. It can act as a negative or positive regulator of pre-mRNA splicing (Lou et al., 1999; Valcarcel and Gebauer, 1997) and is involved in regulating pre-mRNA polyadenylation (Lou et al., 1999; Moreira et al., 1998) and mRNA cytoplasmic localization (Cote et al., 1999) . PTB belongs to the RNA recognition motif (RRM) family of RNAbinding proteins and each monomer of PTB contains four RRMs (RRM1-RRM4) (Perez et al., 1997) . The three isoforms of PTB are expressed in all types of tissues (Patton et al., 1991) .
PTB has previously been reported to regulate poliovirus (Hellen et al., 1993) , hepatitis A virus (HAV) (Schultz et al., 1996) , and human rhinovirus-2 (HRV) IRES-dependent translation (Hunt and Jackson, 1999) . The binding of PTB to both the MHV 5 (+)NCR RNA and 3 (−)NCR RNA were shown to be important for virus replication (Li et al., 1999) . PTB binding to the MHV 3 (−)NCR RNA was reported to induce a conformational change in this RNA . Further support for an involvement of PTB in MHV RNA replication was provided by the observation that transcription but not translation of MHV DI RNA was inhibited in cells over-expressing a truncated form of PTB (Choi et al., 2002) . Three regions within the hepatitis C virus (HCV) genome RNA, namely the 5 NCR, a region in the capsid protein coding region, and the X region of the 3 NCR, were reported to bind to PTB (Ali and Siddiqui, 1997; Ito and Lai, 1999; Tsuchinhara et al., 1997) . Zhang et al. (2004) showed that HCV replication was down-regulated by expression of siRNA against PTB. RNA interference studies unfortunately do not provide information about the roles that cellular cofactors play in viral replication cycles. Also, silencing of some cell genes can cause secondary effects on the cell that suppress virus replication indirectly.
The 42 kDa protein was identified as fructose 1,6 bisphosphate aldolase A, an abundant tetrameric cellular protein that is present throughout the cytoplasm where it binds to actin filaments of the cytoskeleton (O'Reilly and Clarke, 1993) . The level of expression of the individual aldolase isoforms varies in different tissues and each isoform has distinct roles in the glycolytic pathway of the tissues in which it is expressed (Penhoet et al., 1966; Rottmann et al., 1987) . Aldolase binds to the SHFV 3 (+)NCR RNA with a lower affinity (K d = 69 nM) than PTB. This is consistent with the observation that the PTB protein band in UV-induced cross-linking assays is more intense than the aldolase protein band even though the level of aldolase present in the cytoplasm is significantly higher than that of PTB.
There have been no previous reports of aldolase binding to a viral or a cellular RNA. However, another glycolytic enzyme, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), has been reported to bind to specific cellular and viral RNAs. GAPDH binds to tRNA in a sequence-and structure-specific manner in HeLa cell nuclear extracts where it is thought to participate in tRNA export (Singh et al., 1995) . GAPDH was shown to have RNA helix-destabilizing activity and to bind to the HAV IRES (Schultz et al., 1996) . It has also been reported to bind to the 3 (+)NCR and 3 (−)NCR RNAs of human parainfluenza virus type 3 . Both GAPDH and PTB were reported to bind to the HAV IRES and to compete for overlapping binding sites (Yi et al., 2000) . The binding of GAPDH to the HAV IRES resulted in down regulation of translation while the binding of PTB stimulated translation.
Aldolase is also capable of organizing actin filaments into highly ordered three-dimensional structures (Clarke et al., 1985) . It has been reported that a number of viruses manipulate the cellular actin cytoskeleton to facilitate various steps in their replication cycles (reviewed in Cudmore et al., 1997) . The possibility of an involvement of the cytoskeleton in arterivirus replication has not yet been investigated.
The structural context of the binding sites on the SHFV 3 (+)NCR RNA appears to be important for interaction with both PTB and aldolase. Although the contributions of individual RNA sequence and structural elements to protein binding were not delineated in this study, some information about the relative locations of the protein binding sites in the viral 3 (+)NCR RNA was obtained. The limited mapping data for aldolase suggested that the binding site for this protein was located in the top portion of the SHFV 3 (+)NCR RNA SL.
The binding sites for PTB were mapped to the pyrimidinerich top loop of the 3 SL and to an adjacent pyrimidinecontaining bulge. Both of these sequences contained flanking guanines. A stretch of pyrimidines flanked by guanines was previously identified as a binding consensus sequence for PTB by SELEX (K d = ∼1-10 nM; Singh et al., 1995) . The binding sites for PTB on the pre-mRNA sequences of ␣-tropomyosin and ␤-tropomyosin (K d = 1-5 nM) were mapped to a SL with a pyrimidine-rich terminal loop and a nearby single-stranded region containing a short stretch of pyrimidines (Singh et al., 1995) . The K d s for the interactions between PTB and the SHFV 3 NCR RNA and between PTB and these two cellular pre-mRNAs were similar (∼K d = 7 nM). Interestingly, the mapped PTB binding site in the poliovirus IRES has a lower affinity (K d = 30-60 nM) and consists of a terminal loop containing a stretch of four pyrimidines without a nearby pyrimidine-rich bulge (Conte et al., 2000; Rust et al., 1999; Witherell et al., 1993) . The information previously reported and the mapping data reported here suggest that two nearby binding sites presented within a structural context are required for a high affinity PTB-RNA interaction.
The different arterivirus 3 NCR RNAs vary in their lengths and sequences. The EAV and PRRSV 3 NCRs were shown to bind a 56 and 42 kDa MA104 cell protein in UV-induced cross-linking assays and specific competition was observed when they were used as competitors in a competition gel mobility shift assay with an SHFV 3 (+)NCR RNA probe. Although not identical, the predicted secondary structures of other arterivirus 3 NCR RNAs consist of a 3 SL with internal loop or bulge regions along the stem. In each case, pyrimidines are present in the top loop of the 3 SL and on the 3 side of the stem in an internal loop or bulge located near the top of the stem. RNA structure probing analyses have not yet been reported for any of the other arterivirus 3 NCR RNAs. Verheije et al. (2002) reported a tertiary (kissing) interaction between the top loops of a predicted SL located near the 5 end of the PRRSV ORF7 (54 nts from the start codon) and a predicted SL structure within the PRRSV 3 (+)NCR. It is not yet known whether a similar tertiary interaction forms between the SL in the 3 NCR and an upstream SL structure in the SHFV genomic RNA. Possible roles of PTB and aldolase binding to the arterivirus 3 NCR RNA during the virus replication cycle are presently not known. The data reported here suggest that these two proteins could compete for an overlapping binding site and this competition may be functionally relevant.
